The bacterial nutritional and stress alarmone ppGpp and its co-factor DksA directly bind RNA polymerase to regulate its activity at certain 70 -dependent promoters. A number of promoters that are dependent on alternative -factors function poorly in the absence of ppGpp. These include the Pseudomonas-derived 54 -dependent Po promoter and several other 54 -promoters, the transcription from which is essentially abolished in Escherichia coli devoid of ppGpp and DksA. However, ppGpp and DksA have no apparent effect on reconstituted in vitro 54 -transcription, which suggests an indirect mechanism of control. Here we report analysis of five hyper-suppressor mutants within the ␤-and ␤-subunits of core RNA polymerase that allow high levels of transcription from the 54 -Po promoter in the absence of ppGpp. Using in vitro transcription and competition assays, we present evidence that these core RNA polymerase mutants are defective in one or both of two properties that could combine to explain their hyper-suppressor phenotypes: (i) modulation of competitive association with -factors to favor 54 -holoenzyme formation over that with 70 , and (ii) reduced innate stability of RNA polymerase-promoter complexes, which mimics the essential effects of ppGpp and DksA for negative regulation of stringent 70 -promoters. Both these properties of the mutant holoenzymes support a recently proposed mechanism for regulation of 54 -transcription that depends on the potent negative effects of ppGpp and DksA on transcription from powerful stringent 70 -promoters, and suggests that stringent regulation is a key mechanism by which the activity of alternative -factors is controlled to meet cellular requirements.
The -subunit of bacterial holoenzyme RNA polymerases programs the multisubunit catalytic core enzyme (␣ 2 , ␤, ␤Ј, ) to recognize and specifically initiate transcription from promoter sequences. Escherichia coli core RNA polymerase has to accommodate seven different -factors. Six of these have sequence and functional similarity and belong to the 70 -family of proteins, while a seventh, 54 , is unrelated and targets RNA polymerase to the highly conserved and unusual Ϫ24, Ϫ12 class of promoters (consensus TGGCAC-N5-TTGCa/t (1)). Initiation of transcription involves multiple steps from initial closed complex formation at the promoter, through DNA melting to form the open complex, before reaching the final stage of promoter escape (reviewed in Ref. 2) . The 54 -factor imposes kinetic constraints on transcriptional initiation by 54 -holoenzyme. Unlike 70 -holoenzyme, 54 -holoenzyme cannot undergo transition from the closed complex without the aid of a mechano-transcriptional activator that makes use of nucleotide hydrolysis to remodel the closed complex, thus allowing DNA melting (reviewed in Ref. 3) .
There is now considerable evidence that the different -factors compete for limiting amounts of core RNA polymerase in the cell (reviewed in Ref. 4 ). For 54 , this was demonstrated by the dramatic enhancement of transcription from the 54 -Po promoter upon manipulation of the relative levels of household 70 , 54 , and the stationary and stress S -factor (5) . Recent determination of the absolute levels of core RNA polymerase and -factors suggests that competition between -factors is likely to be even more extensive than previously anticipated (6) . Changes in the composition of the different holoenzymes in the cell underlie many important bacterial adaptive processes undertaken to use available resources economically and to counteract stress conditions. In addition to alternative -factors having different affinities for core RNA polymerase, the levels of many are modulated in response to specific signals, growth conditions, and/or growth phases to allow conditional selective expression of different subsets of promoters. Growth phase and growth conditions also have a major effect on the efficiency of 54 -dependent transcription (7) (8) (9) . However, as is the case for the household 70 , 54 levels are more or less constant over the growth curve and under different growth conditions, and are maintained at 16 -20% of the level of 70 (10) . Hence, preferential expression of 54 -promoters in early stationary phase and under starvation/stress conditions cannot be explained by elevated 54 levels. In its native Pseudomonas host, the 54 -Po promoter controls transcription of an operon required for mineralization of (methyl)phenols. Transcription from Po is strictly dependent on its cognate activator DmpR, which requires an aromatic effector as well as ATP for its activity (reviewed in Ref. 11) . In both E. coli and Pseudomonas putida, transcription from the Po * This work was supported in part by grants from the Swedish Foundation for Strategic Research and the Swedish Research Council (to V. S.) and the Polish Ministry of Education and Science (Grant 2 PO4A 034 28, to A. S.-P.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 Recipient of a student fellowship from the Foundation for Science and Technology (FCT, Portugal). 2 To whom correspondence should be addressed. Tel.: 46-90-785-2534; Fax:
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promoter in rich media is growth-phase-regulated. The swift increase in transcription at the transition from exponential to stationary phase is dependent on the bacterial alarmone ppGpp 3 and its co-factor DksA (8, 12, 13) . The unusual nucleotide ppGpp is produced in response to a variety of nutritional and physicochemical stresses (through the RelA and SpoT synthetases I and II), and is the mediator of the stringent response that encompasses down-regulation of transcription from stringent 70 -promoters, such as those for rRNA operons and tRNA genes, to balance translational capacity to reduced demand (reviewed in Ref. 14) . Sensitivity of RNA polymerase to ppGpp requires the non-DNA-binding protein DksA, which together with ppGpp directly mediates negative and positive effects on the performance of RNA polymerase at certain 70 -promoters (15, 16) . During rapid growth, transcription from the powerful stringent 70 -rRNA promoters occupies ϳ60 -70% of the transcriptional machinery (17) . Thus, ppGpp/DksA mediated down-regulation of these powerful stringent 70 -promoters is likely to have global regulatory consequences through an increased pool of core RNA polymerase available for holoenzyme formation.
Down-regulation of transcription from stringent 70 -promoters by ppGpp and DksA involves destabilization of their intrinsically very short-lived competitor-resistant open promoter complexes, which are rate-limiting for transcription (15) . Support for this mechanism comes from RNA polymerase suppressor mutants that likewise destabilize competitor-resistant complexes, and from promoter mutants with increased stability that become unresponsive to ppGpp (18 -21) . At positively regulated 70 -promoters, such as those involved in the biosynthesis and transport of some amino acids, dissociation of the open promoter complex is not rate-limiting. In these cases, ppGpp and DksA have been proposed to directly enhance transcription by decreasing the energy of a transition state intermediate(s) to accelerate the rate-limiting formation of open complexes, and to indirectly enhance this process by the reduced use of 70 -holoenzyme at the stringent 70 -promoters (16, 20) . Simultaneous lack of both ppGpp and DksA essentially abolishes detectable 54 -dependent transcription in E. coli without having any discernable direct effect on reconstituted in vitro 54 -transcription, either in the presence or the absence of competing 70 (13) . Previous analysis has identified mutations within the rpoBC genes encoding the ␤-and ␤Ј-subunits of core RNA polymerase and within rpoD encoding 70 , that all allow transcription from the 54 -Po promoter in E. coli in the absence of ppGpp (5) . In this study we identified and analyzed the performance of five hyper-suppressor mutants within core RNA polymerase on 54 -and 70 -dependent transcription in vitro to gain further insight into the global regulatory role of ppGpp and DksA for 54 -dependent transcription. The in vitro properties of these mutant polymerases expand the known mechanism(s) of bypass mutants to include effects on both -factor competition for core RNA polymerase and on the ppGpp/DksA-sensitive step of transcription from stringent promoters. These results strongly support a model in which stringent regulation of 70 -promoters is a key mechanism by which the activity of 54 and other alternative -factors is amplified to combat conditions of nutritional deficit and other stresses.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids-Parental strains and plasmids used in this work are listed in Table 1 . Cultures were routinely grown at 30°C in Luria broth (LB) (22) supplemented with appropriate antibiotics (carbenicillin, 100 g/ml, tetracycline 15 g/ml). Resistance to rifampicin was assessed on LB plates containing either 20 or 100 g/ml rifampicin. Prototrophy was assessed over 3 days of growth on M9 minimal medium plates supplemented with 10 mM glucose and 100 g/ml thiamine, and graded from no growth (Ϫ) to full prototrophy (ϩϩϩ) exhibited by ppGpp-proficient MG1655⌬lac. The rpoBC alleles were transferred to defined genetic background using bacteriophage P1-mediated transduction employing the closely linked thiC39::Tn10 (Tc R ) marker. DNA sequencing was used to confirm co-transduction, and the entire DNA sequence of the rpoBC region of five strains was determined as previously described (5) . The 70 -P L in vitro transcription plasmid pVI901 was constructed by PCR amplification of the Ϫ68 to ϩ2 region as an EcoRI-BamHI fragment, and cloning between these sites of pTE103. The fidelity of the DNA sequence of the resulting plasmid was confirmed by sequencing.
In Vivo Luciferase Assays-Luciferase assays were performed as described previously (7), using a PhL Luminometer (Aureon Biosystems). Overnight bacterial cultures were diluted 1 in 100, 54 , IHF, and DmpR-His were purified as described (26, 27) . N-terminally His-tagged E. coli DksA was a kind gift from A. Åberg (Umeå University, Sweden). Wild-type and mutant core RNA polymerases were purified according to a general protocol described in Burgess and Jendrisak (28) , with modifications as in Ref. 29 .
In Vitro Transcription-Transcription assays (final volume, 20 l) were performed at 37°C in transcription buffer containing 50 mM Tris-HCl pH 7.5, 50 mM KCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.1 mM EDTA, and 0.275 mg/ml bovine serum albumin essentially as described in Ref. 5 . Briefly, core RNA polymerase was preincubated with the appropriate factor for 5 min to allow holoenzyme formation. Open complex formation (20 min) was initiated by the addition of supercoiled plasmid template. For 54 -Po transcription, IHF (10 nM), DmpRHis (50 nM), ATP (4 mM), and the aromatic effector 2-methylphenol (0.5 mM) were also included. Transcription was initiated by addition of NTPs (ATP, CTP, GTP to a final concentration of 0.4 mM, UTP at 0.06 mM, and 5Ci [␣-32 P]UTP). In assays that involved comparison with the 70 -rrnB P1 promoter, the CTP and GTP concentrations were reduced to 0.16 mM to ensure correct initiation from this promoter (15) . Multiple round transcriptions were incubated for 5 min prior to addition of heparin (final concentration of 0.1 mg/ml) to prevent reinitiation. After incubation for a further 5 min, reactions were terminated by the addition of 5 l of stop/ load buffer (150 mM EDTA, 1.05 M NaCl, 7 M urea, 10% glycerol, 0.0375% xylene cyanol, and 0.0375% bromphenol blue). For single round transcription assays, heparin was added simultaneously with NTPs, and reactions were incubated for 10 min. Transcripts were analyzed on 4.5 or 6% polyacrylamide gel containing 7 M urea and quantified by phosphorimaging.
-Factor Competition Assays-In vitro competition assays between different -subunits for wild-type or mutant core RNA polymerases were performed by preincubating 70 with the core enzyme for 5 min prior to addition of different concentrations of 54 . After a further incubation for 10 min, multiple round transcriptions were performed as described above.
RNA Polymerase-Promoter Complex Stability Assays-The stabilities of competitor-resistant complexes on specific promoters were assessed by preforming open complexes as described for the transcription assays above, after which complexes were challenged either with heparin (final concentration 0.1 mg/ml) or a 200-fold molar excess of double-stranded DNA. Single round transcription assays were used to measure the functional open complexes at the indicated times. For all promoters analyzed, challenges with double-stranded DNA gave longer half-lives than heparin challenges. To bring the half-lives into experimentally tractable time frames, a 60-bp doublestranded DNA fragment containing the full con promoter (30) was used for the highly unstable 70 -rrnB P1 promoter complex, and a 62-bp fragment encompassing the high affinity 54 -glnAp2 promoter (13) (sequence 5Ј-CCACCCGGGGCAATT-TAAAAGTTGGCACAGATTTCGCTTTATCTTTTTTAC-GGCCAAGGCC-3Ј, Ϫ24 Ϫ12 underlined) was used with the 54 -Po promoter. Heparin was used as the competitor for the very stable 70 -P L promoter-RNA polymerase complex.
RESULTS

RpoBC Mutants Suppress the Need for ppGpp for Efficient Transcription from the
54 -Po Promoter-Mutations in rpoB and rpoC capable of restoring transcription from Po in a ppGpp 0 strain were previously isolated on rich media using a genetic system in which Po was placed in control of a promoterless tetracycline resistance gene (5) . Among 41 of these strains, 31 different rpoB and rpoC alleles were identified ( Table  2 ). The residues targeted by the mutations are highly conserved between E. coli and P. putida (data not shown), and Thermus aquaticus (Table 2) and Thermus thermophilus for which structures have been solved (31) (32) (33) (34) . With the exception of ␤-G373S and ␤-E374K, which map to the tip of the ␤-claw, all the altered residues are located on the inner surface of the active site cleft in which single amino acid substitutions can affect more than one property of the RNA polymerase (35) . As indicated in Table  2 , some of these alleles target residues or adjacent residues that have been previously analyzed in the context of ppGpp suppression phenotypes or other attributes of RNA polymerase function (35) , whereas others (to our knowledge) have not been reported previously.
The 31 different rpoB and rpoC alleles were reintroduced into E. coli CF1693⌬lac that completely lacks the capacity to synthesize ppGpp due to antibiotic resistance gene replacements within the relA and spoT genes. Transcription from 54 -Po in the different strains was monitored using the luciferase transcriptional reporter plasmid pVI466 (dmpR-Po-luxAB) that carries the dmpR gene in its native context relative to Po. As shown in Fig. 1A (white bars), the different alleles resulted in an array of maximal transcriptional activities from Po, ranging from a barely detectable difference from that observed in the ppGpp 0 parent, to Ͼ3-fold higher levels than that observed in the ppGpp proficient wild-type strain.
Five of the alleles (␤-R451C, ␤-H551Y, ␤-H1244L, ␤-Q1264P, and ␤Ј-L432R), like two previously analyzed ␤-alleles (hatched bars, Fig. 1A ), were found to give a hyper-suppressor phenotype resulting in Ͼ15-fold higher transcription levels than wild-type RNA polymerase in cells devoid of ppGpp. These five hyper-suppressor alleles also confer prototrophy to the otherwise auxotrophic ppGpp 0 strain (Table 2 ) and they were chosen for more detailed analysis. DNA sequencing of the ϳ10 kb rpoBC region confirmed that the mutation identified was the sole mutation present within this region of each of these five strains.
Western blot analysis of the expression levels of the RNA polymerase components in the five hyper-suppressor mutants revealed that ␤ and 54 levels are all very similar to wild-type levels (Fig. 1B) . The levels of ␤Ј and 70 were found to be slightly higher in the ppGpp 0 wild-type strain as compared with the ppGpp ϩ strain (Fig. 1B and Refs. 5, 38) , and the levels of these proteins in the RpoBC mutant strains approximated those of the wild-type ppGpp ϩ strain. DmpR levels were found to vary somewhat between the different suppressor mutants, lying between those found in the ppGpp ϩ strain and the ϳ2-fold lower levels found in the otherwise wild-type ppGpp 0 strain. However, we have previously shown that production of additional DmpR in the ppGpp 0 strain to levels that slightly exceed those in the wild-type do not influence the level of dependence on ppGpp (13) . Thus, we conclude that the RpoBC suppressor phenotypes in vivo are primarily mediated through a mechanism that is independent of associated alterations in the levels of DmpR or the components of 54 -RNA polymerase.
RpoBC Mutants Also Suppress the Need for DksA for Efficient
Transcription from the 54 -Po Promoter-Given the cooperativity of ppGpp and DksA in controlling both positive and negative effects at certain 70 -promoters (15, 16), we were also interested in determining the in vivo transcription from the 54 -Po promoter mediated by the mutant RpoBC proteins in the absence of DksA. To this end, the rpoBC alleles were introduced into wild-type E. coli MG1655 and isogenic ppGpp 0 or DksA-null strains, and the activity of the luciferase transcriptional reporter plasmid pVI466 was monitored over the growth curve (Fig. 2) . These strains do not have the additional ⌬lacX74 allele and, for reasons we do not currently understand, this slightly alters the fold effects of the different alleles (compare Figs. 1 and 2, circles) .
All the rpoBC mutations detrimentally affected the growth rate of MG1655 and its ppGpp 0 counterpart to a similar degree but affected the growth rates of DksA-null counterparts to different extents. Interestingly, in all cases transcription from the 54 -Po promoter was similar in the ppGpp ϩ and ppGpp 0 counterparts (compare squares and circles in Fig. 2 , B-F, noting change of scale), with the mutations resulting in 2-6-fold higher transcription from the 54 -Po promoter than in wildtype ppGpp ϩ cells. This corresponds to ϳ20 -60-fold enhanced transcription from 54 -Po by the mutant polymerases in ppGpp 0 cells. Transcription from 54 -Po in strains lacking DksA was also enhanced by the rpoBC mutations, with transcription restored to between 0.5 and 2-fold the levels found in the wild-type ppGpp ϩ strain (triangles, Fig. 2, B-F) . However, transcription from 54 -Po in the absence of DksA was found to be notably lower than that in the absence of ppGpp in all cases, suggesting a critical role for this protein in the normal functioning of the cell that is not fully compensated for by the mutations in core RNA polymerase. The essentially ppGpp-independent behavior of these mutants in vivo (Fig. 2) occurs despite the fact that the mutants remain co-responsive to ppGpp and DksA in vitro (see below). These results suggest that transcription from the 54 -Po promoter has reached a ceiling in each of these strains that is the maximal level that can be driven by each of the mutant polymerases.
Mutations in rpoBC Only Have Minor Effects on
54 -Po Transcription in Vitro-As a starting point to assess the possible direct effects of the mutations on transcription, we compared the activities of each core RNA polymerase in multiple round transcription assays from the 54 -Po promoter and the ppGppindependent 70 -P L promoter (36, 37) . In these experiments, a set concentration of wild-type and mutant core RNA polymerases was titrated with increasing concentrations of 54 and 70 (Fig. 3, A and C, and data not shown). Titration curves were similar for 70 , with maximal transcription levels with each core enzyme varying by no more than ϳ20% (Fig. 3D ). This contrasts with the results using 54 , where transcript levels were somewhat higher for the RpoB mutants than with wild-type core enzyme (Fig. 3B) . Similar results were also obtained using single-round transcription assays, and when 54 -transcription was compared with the 70 -P RNA1 promoter that is also present on the DNA templates (data not shown).
To compare 70 -dependent transcription relative to 54 -dependent transcription, and to compensate for possible differences in specific activities of different mutant core preparations, transcript levels found with 54 -Po were divided by those found with 70 -P L . As shown in Fig. 3E , the RpoB mutant proteins were found to mediate 1.4 -1.6-fold higher transcription with 54 than with 70 , while the RpoC mutant (␤Ј-L432R) had little effect. We also performed similar titrations with graded concentrations of DmpR in reaction mixes to detect any potential influence of the RpoBC mutations on interaction with this obligatory activator for the 54 -Po promoter. However, no differences from the wild-type were observed (data not shown).
The results described above suggest that wild-type core, which has evolved to accommodate a number of different -factors, is suboptimal for 54 -dependent transcription. Nevertheless, the 1.1-1.6-fold effects of these mutations on relative 54 / 70 transcription in vitro (Fig. 3E ) appeared insufficient to account for their ϳ20 -60-fold effects observed in cells devoid of ppGpp (Fig. 2) . Thus, we sought to test properties of the core RNA polymerases that could account for their dramatic phenotypes in vivo. (Table  2) , and hatched bars represent previously analyzed alleles isolated in the laboratory of M. Cashel on the basis of restoration of prototrophy (8) . The results are the mean of two or three independent experiments in each case with standard deviations. The H551L strain was incorrectly assigned as H551Y in Ref. 5 . B, immunoblot analysis of SDS-PAGE separated samples of 20 and 40 g of soluble protein prepared from cells grown and harvested at 6 h as in A, and analyzed using antibodies directed against the indicated proteins. 54 for core RNA polymerase. This property has been proposed to influence the comparative levels of the two holoenzymes in the cell, to account for their suppressor phenotypes (5, 13). Differences in the abilities of the mutant core enzymes to associate with either 70 or 54 are not apparent from the individual titration of the -factors in in vitro transcription assays (Fig. 3 ) or in BIAcore surface plasmon resonance determinations of binding to chip-coupled -factors (data not shown). Therefore, to test for potential effects of the RpoBC mutant proteins on competition between 54 and 70 , we used a multiple-round in vitro transcription competition assay that employed two DNA templates to simultaneously assess transcription from the 54 -Po and the 70 -P L promoters (see inset, Fig. 4A ). In these experiments, a set concentration of wild-type or mutant core RNA polymerase was preincubated with 70 and then challenged with increasing concentrations of 54 . For comparison, the data for each of the core polymerases with each of the -factors is independently set as a 100% to eliminate influence of the performance of the different holoenzymes in anything other than their response to a challenge of increasing concentrations of the competing -factor. The results obtained with wild-type core are compared with those with ␤-Q1264P in Fig. 4A , while the results from the highest competing 54 concentration with all the core mutants (open bars) are summarized in Fig. 4B . Fig. 4B also shows . As with direct effects on relative 54 / 70 transcription, the RpoC mutant (␤Ј-L432R) is again the least affected in its -factor association properties, and there is no direct correlation of the magnitude of the defects observed and the in vivo restoration of transcription in the absence of ppGpp (Fig. 2) . This suggests that some other property must also contribute to its hyper-suppressor phenotype in vivo (Fig.  2) . This prompted us to analyze the properties of the core RNA polymerase mutants with respect to their sensitivity to ppGpp and DksA, and the stability of competitor-resistant RNA polymerase-promoter complexes that control the performance of stringent 70 -promoters. The RpoBC Mutant Enzymes are Co-responsive to ppGpp and DksA-None of the residues altered in the five RpoBC mutants are directly involved in the binding of ppGpp close to the active site, in either of its two orientations observed in co-crystals of T. thermophilus RNA polymerase and ppGpp (33) . DksA and ppGpp have little or no effect on reconstituted in vitro transcription from 54 -Po under conditions that recapitulate known positive and negative effects at 70 -dependent promoters (Fig. 5A and All the mutant enzymes exhibit defects in mediating transcription from the 70 -rrnB P1 promoter (Fig. 5B ). As shown in Fig. 5C , wild-type 70 -holoenzyme is co-responsive to ppGpp (200 M) and DksA (200 nM), with each of these regulators having much less effect on transcription from the 70 -rrnB P1 promoter when added alone. Under these conditions, specific differences in the individual responses of the RpoBC mutants to ppGpp and DksA can be detected (bars , Fig. 5C ); nevertheless, all remain co-responsive to the simultaneous presence of ppGpp and DksA, leading to similar or even greater reduction of transcription from the 70 -rrnB P1 promoter than wild-type RNA polymerase (dark gray bars, Fig. 5C ).
Effect of rpoBC Mutations on in
RpoBC Mutants Are Innately Defective in the Stability of Their Competitor-resistant Complexes-
The molecular mechanism(s) by which ppGpp and DksA directly affect transcriptional initiation from 70 -promoters has not been fully resolved. However, both of these regulatory molecules reduce the lifetime of competitor-resistant RNA polymerase com- plexes at all 70 -promoters so far tested. The lifetimes of the competitor-resistant promoter complexes are critical for regulation of stringent 70 -promoters such as the rrnB P1 promoter, since this step is rate-limiting for transcription. Given the apparent critical role of competitor-resistant complexes for transcription from stringent promoters, we first determined the lifetimes of complexes in the presence and absence of ppGpp and/or DksA at the three promoters employed in this study. In these experiments, preformed RNA polymerase-promoter complexes were challenged with either competitor DNA for 54 -Po (Fig. 6A ) and 70 -rrnB P1 (Fig. 6B) , or heparin for 70 -P L (Fig. 6C) , and the levels of functional complexes were followed over time. Consistent with previous findings, ppGpp and DksA were found to cooperate in reducing the lifetime of competitor-resistant complexes at both the 70 -dependent rrnB P1 and P L promoters (Fig. 6, B and C) . Likewise, ppGpp and DksA were found to cooperate in reducing the lifetime of competitor-resistant complexes at the 54 -Po promoter (Fig.  6A) . This latter result contrasts with previous data in which the cooperative effects of ppGpp and DksA were not detectable if heparin was used as the competitor (13) . It should be emphasized, however, that reduced open complex stability will only have regulatory consequences on transcription from negatively regulated promoters that have open complex stability as the rate-limiting step, and that ppGpp and DksA have little if any direct influence on transcription from the 54 -Po promoter (Fig. 5A and Ref. 13) .
Based on the results above, we determined the influence of the RpoBC mutations on the innate stabilities of competitorresistant complexes in similar time course experiments on all three promoters. Data from the most informative time point for each promoter are shown in Fig. 6, D-F . The mutants reduced the lifetimes of RNA polymerase-promoter complexes at all three promoters. Similar effects for each of the mutations were found on the 54 -Po and 70 -P L promoters that are independent of ppGpp in vitro (compare profiles in Fig. 6, D and F) . However, the pattern was notably different for the stringent 70 -rrnB P1 promoter, on which ␤-R451C and ␤-H551Y were markedly more affected, while ␤-Q1264P has no apparent effect (Fig. 6E) . With the exception of ␤-Q1264P, the stabilities of RNA polymerase-rrnB P1 promoter complexes with the mutant enzymes are close to or lower than those found with the wild-type in the presence of ppGpp and DksA (dotted lines Fig.  6, D-F) .
Similar to the data for competitive association with -factors, there is no apparent direct correlation between the innate stabilities of the mutant RNA polymerase promoter complexes on rrnB P1 (Fig. 6E) and their in vivo phenotypes (Fig. 2) . However, it is notable that the two mutants most affected in open complex stability on rrnB P1 (␤Ј-L432R and ␤-R451C) are the ones least affected in interaction with -factors, while ␤-Q1264P that has no apparent effect on rrnB P1 open complex stability is among the three mutants most affected in their interaction with -factors (Figs. 6E and 4) . The remaining two mutants (␤-H551Y, ␤-H1244L) show marked defects in both properties. As considered in greater detail in the discussion, reduced intrinsic lifetimes at the powerful stringent promoters and defects in -factor competition for limiting core, would likely combine to facilitate 54 -holoenzyme formation and thus 54 -dependent transcription in vivo. 70 (38) . Since holoenzyme RNA polymerases utilizing 70 or 54 do not show any promoter cross-recognition, the defects of these 70 mutants in competing against 54 for limiting core RNA polymerase have been the focus of attention. In the light of our finding with the RpoBC mutants described above, we tested the effects of the four 70 mutants on the stabilities of competitor-resistant complexes at the stringent 70 -rrnB P1 promoter. As shown in Fig. 7 having only very minor effects (5). Thus, like some of the RpoBC mutants, the 70 suppressor mutants have defects in both (i) competitive association of core with -factors and (ii) stability of the ppGpp/DksA-susceptible RNA polymerase complexes at the stringent 70 -rrnB P1 promoter.
DISCUSSION
Here we describe the influence of RNA polymerase mutants on 54 -dependent transcription and the consequences of these mutations for ppGpp-and DksA-responsive 70 -transcription. In vivo, ppGpp and DksA are critical for efficient transcription from 54 -dependent promoters, since simultaneous loss of both of these regulatory molecules essentially silences transcription from the 54 -Po promoter in E. coli (13 Fig. 5 and Ref. 13) . We found that the five hyper-suppressor core RNA polymerases analyzed here (␤Ј-L432R, ␤-R451C, ␤-H551Y, ␤-H1244L, and ␤-Q1264P), mediate dramatic enhancement of transcription from the 54 -Po in cells devoid of ppGpp (by 20 -60-fold), in the absence of any major influence on the levels of cognate components of the transcriptional machinery (Figs. 1 and 2) . Furthermore, although still responsive to DksA and ppGpp in transcription from the stringent 70 -rrnB P1 promoter, the five core RNA polymerases were unaltered in their lack of response to these molecules at the 54 -Po promoter in vitro (Fig. 5 and data not shown). These data strongly support the idea that DksA and ppGpp are not required for 54 -dependent transcription per se, but rather that they collaborate to mediate their effects in vivo indirectly through 70 -dependent transcription. However, the data do not exclude the possibility that the effects of ppGpp are partly direct but that an unknown component, missing from in vitro experiments, is required for stimulatory effects of ppGpp on 54 -dependent promoters. Interaction of core RNA polymerase with -factors involves a very extensive interface including interactions of the three globular domains on the surface of the polymerase as well as with the extensive 3.2-loop of the -factors that penetrates deeply into the active site cleft (32) . Thus, active site cleft mutants have the potential to directly or indirectly alter association with -factors and alter other steps in the transcriptional initiation pathway to affect their in vivo phenotypes. Our analysis of the relative performance of mutant holoenzymes in transcription from promoters that are independent of ppGpp and DksA in vitro ( 54 -Po and the 70 -P L and P RNA1 promoters) has shown that they only mediate ϳ1.1-1.6-fold enhancement of 54 -transcription relative to that of 70 in vitro (Fig. 3) , which is insufficient to account for their in vivo phenotypes. However, we found that the ␤ and ␤Ј mutants are altered in one or both of two properties, namely, in their interaction with -factors to favor association with 54 under competition for limiting core RNA polymerase (Fig. 4) , and reduced innate stabilities of competitor-resistant promoter complexes (Fig. 6 ). This latter property is critical for ppGpp-and DksA-mediated down-regulation of stringent 70 -promoters, but would have no regulatory consequences on transcription from promoters in which this is not the rate-limiting step. Unlike 70 mutants, with which the magnitude of their in vivo bypass phenotypes follows that of their defects in associating with core RNA polymerase and in open complex stability on rrnB P1 (Fig. 7, Ref. 5) , the ␤ and ␤Ј mutants are differentially affected in these two properties. Two of the mutants (␤Ј-L432R and ␤-R451C) are primarily defective in open complex stability, one of the mutants is only altered in -factor interaction (␤-Q1264P), while two are markedly altered in both properties (␤-H551Y, ␤-H1244L) (Figs. 4 and 6 ). How these effects on RNA polymerase function can combine to cause their in vivo hypersuppressor phenotypes is discussed below in the context of a recently proposed model for indirect (passive) control of 54 -dependent transcription that operates through the regulation of 70 -stringent promoters (13). 
RNA Polymerase Mutants and
-Transcription
The passive model for control of 54 -dependent transcription operates through predicted global regulatory consequences of the negative action of ppGpp and DksA at the seven powerful stringent 70 -rRNA operon promoters of E. coli. During intermediate-to-rapid growth in rich media, the activity of these promoters sequester ϳ60 -70% of the transcriptional machinery (17) . Thus, under these conditions in which ppGpp levels are low, much of the core RNA polymerase is occupied in production of the abundant transcripts from these multiple powerful promoters, leaving little free core available for association with the constant levels of 54 and 70 . This in turn would lead to low levels of 54 -holoenzyme, and consequent low promoter occupancy and output from cognate 54 -promoters. However, under slow growth and stress conditions that elicit high levels of ppGpp, the potent down-regulation of transcription from the 70 -rRNA operon promoters in response to ppGpp and DksA would lead to higher levels of core being available for association with -factors. As a result, 54 -holoenzyme levels would increase, leading to enhanced 54 -promoter occupancy and output. Within this model, both core and 70 -suppressor mutants would bypass the requirement for ppGpp in two ways: 1) by directly reducing transcription from the powerful stringent 70 -rRNA operon promoters to elevate the levels of core available for association with other -factors, and 2) by altering core to -factor association to favor the formation of 54 -holoenzyme over that of 70 -holoenzyme. It is worth noting that 70 mutants disfavor interaction between 70 and the core enzyme. Core mutants, on the other hand, could either enhance association with 54 and/or disfavor association with 70 and probably also other 70 -family alternative -factors. In either case, this would lead to a competitive advantage of 54 over all other -factors for core RNA polymerase that may contribute to the hyper-suppressor phenotype of core mutants. In addition, in the case of the core RNA polymerase mutants, these effects on holoenzyme levels would further amplify the enhanced output from the 54 -Po promoter that is observed in vitro ( Fig. 3) with these mutant holoenzymes. Although not specifically tested, these properties of the mutant polymerases would alter translational capacity within the cell, which probably underlies the reduced growth rates observed in the mutant strains (Fig. 2) .
The passive model for the action of ppGpp and DksA as outlined above would predict that low affinity promoters that have 54 -holoenzyme binding as a rate-limiting step would be more susceptible to loss of these regulatory molecules than their high-affinity counterparts. Consistent with this prediction, we have previously shown that lack of ppGpp and DksA have greater effect on low affinity 54 -promoters than on high affinity promoters (13) . Recent determinations of absolute levels of core RNA polymerase and -factors have clarified that -factor numbers far exceed those of core, and it follows that conditions within the cell are such that competition for limiting core will most likely be severe (6) . The mathematical modeling of equilibrium binding performed in that study also highlights the role of nonspecific DNA binding by RNA polymerase in -factor competition and redistribution of RNA polymerase, to have effects that would have greatest impact on low affinity promoters. All the mutant holoenzymes tested in the present study are affected in their DNA binding properties as assessed by open complex stability assays. Hence, although purely speculative, it is plausible that binding of ppGpp and DksA (and mutant RNA polymerases that mimic their effects) also alters nonspecific DNA binding. Such alterations might contribute to in vivo suppression phenotypes of mutant RNA polymerases.
The mechanism outlined above for ppGpp/DksA-mediated passive regulation of 54 -dependent transcription is also pertinent to the functioning of other alternative -factors. In addition to 54 , DksA and/or ppGpp have been shown to be important for transcription from promoters dependent on S , H , and E that control processes critical for stress survival (39, 40) . In the case of S , mutant RNA polymerases that mimic the effects of ppGpp have also been shown to bypass the requirement for ppGpp in vivo by a mechanism that is independent of ppGpp effects on S levels (39, 41) . Although the direct effects of ppGpp in synergy with DksA have not been tested at these S -, H -, and E -dependent promoters, it appears likely that passive regulation of the levels of the cognate holoenzymes would at least in part contribute to their regulation and thus to the pleiotropic roles of ppGpp and DksA in combating nutritional deprivation and other stress conditions.
